Purpose: To provide a summary of the outcomes of two working conferences organized by the Centers for Disease Control and Prevention (CDC), to develop recommendations for practical, sustainable mechanisms to make quality control (QC) materials available to the genetic testing community. Methods: Participants were selected to include experts in genetic testing and molecular diagnostics from professional organizations, government agencies, industry, laboratories, academic institutions, cell repositories, and proficiency testing (PT)/external Quality Assessment (EQA) programs. Current efforts to develop QC materials for genetic tests were reviewed; key issues and areas of need were identified; and workgroups were formed to address each area of need and to formulate recommendations and next steps. Results: Recommendations were developed toward establishing a sustainable process to improve the availability of appropriate QC materials for genetic testing, with an emphasis on molecular genetic testing as an initial step. Conclusions: Improving the availability of appropriate QC materials is of critical importance for assuring the quality of genetic testing, enhancing performance evaluation and 
INTRODUCTION
With the rapid growth of genetic testing in clinical and public health practice, assuring quality testing has been recognized as a major public need. In order to fulfill its public health mission of improving the quality of laboratory testing and practices, the Division of Laboratory Systems, under the Public Health Practice Program Office (now under the Coordinating Center for Health Information and Service) of CDC, initiated studies in 1999 through 2000, to 1) assess the status of quality assurance practices of laboratories performing genetic testing, 2) identify issues critical for establishing quality assurance and performance evaluation programs, and 3) develop recommendations for performance improvement in genetic testing. Of the five core recommendations generated from these studies, improving the availability of QC materials was identified as the issue of utmost urgency, based on the consensus that the lack of appropriate QC materials for many genetic tests is a key factor inhibiting the development of comprehensive quality assurance and performance evaluation programs for genetic testing. 1, 2 QC materials are essential for validating performance characteristics of new tests, monitoring test performance, and detecting errors in the testing process. Unlike other areas of laboratory testing for which diagnostic kits or testing systems containing QC samples are often available, FDA-approved, commercial diagnostic kits are presently available for only a few genetic tests; 3 while the majority of genetic tests in current use have been developed in-house by individual laboratories. Laboratories obtain the needed control samples and other QC materials through a number of sources, including: 1) commercially available cell lines or DNA samples; 2) previously tested patient specimens; 3) interlaboratory exchanges; 4) colleagues and authors of relevant publications in clinical or research settings; and 5) materials from PT/EQA surveys, such as those available from the College of American Pathologists (CAP), the European Molecular Genetics Quality Network (EMQN), and other US or international EQA schemes. 4 For most genetic tests, however, the desired appropriate QC materials are often difficult or impossible to obtain. This is especially true for tests evaluating heterogeneous mutations or complex variations, tests based on very recent gene discoveries, and tests for rare diseases or rare mutations. For example, the implementation of the recommendations of the American College of Obstetricians and Gynecologists (ACOG) and the American College of Medical Genetics (ACMG) for preconception and prenatal carrier screening for cystic fibrosis (CF) has made it the highest-volume genetic test in the U.S. since 2001. 5 Although positive control samples for the majority of the recommended panel of mutations and variants 6, 7 are obtainable from the Coriell Cell Repositories (Camden, NJ) 8 and other sources, some alleles that are often included on laboratories' testing platforms became publicly available only recently as a result of a CDCfunded project to develop positive samples for molecular genetic testing. 9, 10 The lack of appropriate samples has been recognized as a barrier to interlaboratory performance evaluation for genetic testing since PT/EQA challenges need to represent mutations or situations that laboratories may encounter in practice. Furthermore, the availability of control materials often trails the rapid advances in genomic research and the adaptability of molecular diagnostic technologies, presenting a major challenge for the development and evaluation of new genetic tests. 1 Multiple approaches have been undertaken to develop QC materials to meet the needs of the genetics community. In 2000, CDC competitively funded two collaborative projects to explore novel methods for accruing human mutation samples for molecular genetic testing. One of these projects, which was carried out by Dr. Timothy Stenzel and others in Duke University, demonstrated a process of using residual patient samples to establish stably transformed cell lines that can be used for QC and PT/EQA purposes. 9 The other project was undertaken by Dr. Wayne Grody and others in the University of California at Los Angeles School of Medicine, to generate artificially constructed mutation samples that resemble natural mutation-containing human cell lines. 11 Other government agencies have also engaged in efforts in this area. For example, the Coriell Cell Repositories, funded by the National Institute for General Medical Sciences (NIGMS), has been used by the genetics community as a major material resource. 12 The National Institute of Standards and Technology (NIST) has made available standard reference materials (SRMs) for mitochondrial DNA analysis and for trinucleotide repeat measurement for the fragile X mental retardation 1 (FMR1) gene analysis. 13, 14 In addition, in light of the need for efficient control materials in multiplex or panel testing, efforts have been made to develop synthetic or artificially constructed controls. 15, 16 In the international community, improving material availability has been recognized as a priority as well. Both the CRMGEN project and a major component of the more recent Eurogentest project are funded by the European Commission to develop and make available reference materials for genetic tests. 17, 18 In order to expand the experience from current efforts, and more importantly, to establish a sustainable process to make QC materials available to the genetic testing community, CDC organized two working meetings in 2003 and 2004, respectively, with an emphasis on identifying areas of need for human molecular genetic testing and developing recommendations in this initial direction. For discussions at the working meetings that led to this report, QC materials referred to materials intended for use in control procedures, test validation, quality assurance, external quality assessment, and test development. Such materials may be described as "control materials," "controls," or "reference materials," as defined by respective sources (Table 1) .
METHODS
On September [15] [16] 2003 , CDC organized the first QC Materials for Genetic Testing meeting in Atlanta, GA. Participants of this working meeting included more than 50 leaders in genetic testing and molecular diagnostics from professional organizations, government agencies, industry, laboratories, cell repositories, and academic institutions. The main goals of this meeting were to 1) review the current efforts to develop QC materials for molecular genetic tests and 2) identify areas of need and issues that should be addressed to develop sustainable, practical mechanisms for providing QC materials to the genetic testing community.
During the meeting, panel discussion sessions were held to consider the ability of existing approaches to meet current and future needs for QC materials. Key issues that participants discussed included QC material needs at present and in the near future; strengths and weaknesses of current efforts; impact of patents and licensing agreements on development and distribution of QC materials; mechanisms for material development, collection, storage, validation, and distribution; provision of materials needed for genetic tests for rare diseases; cost considerations for obtaining validated QC materials; and models and mechanisms for a sustainable process. At the conclusion of the meeting, participants identified the following eight areas of need for developing and providing QC materials for genetic tests: Assessment of current professional guidelines for appropriate use of QC materials to determine if further guidance is needed
• Clarification of regulatory oversight for providers and users of QC materials • Development of a scheme for setting priorities for current and future needs • Review of current research activities on QC material development to facilitate collaboration and to identify further research needs • Development of networks of material contributors to facilitate participation and material collection • Development of approaches to using existing cell banks and repositories as material sources
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• Development of standardized processes for validation of QC materials • Development of better coordination to enhance support and resources needed for a sustainable process.
Recognizing the broad scope of these issues and the need to commit focused discussion on each, a total of eight workgroups were established, each addressing one of the identified needs. Figure 1 illustrates steps and factors involved in the process and the area of need that each workgroup focused on. Workgroup leaders were identified at the meeting and were charged to form their respective workgroups from meeting participants and additional experts with the expertise needed for the assigned task.
Each workgroup was provided with a list of specific issues that had been identified during the meeting (Table 2) . Subsequently, each workgroup held teleconferences to discuss the issues and to develop approaches to addressing them.
During the second QC Materials for Genetic Testing meeting on March 8, 2004 , in Orlando, Florida, the entire group met to review activities and progress of the eight workgroups; and develop recommendations and future directions for practical, sustainable mechanisms for making QC materials available to the genetic testing community. At this meeting, the workgroups held concurrent breakout discussions to review progress made to address each area of need and to develop further recommendations. During the subsequent general session, each workgroup presented a progress report that summarized their discussion and considerations. The reports were then discussed and commented upon by the entire group and other meeting participants.
RESULTS
The discussions at the meeting and the workgroup reports constituted the basis for identifying areas of need and developing recommendations, which then were commented on and enriched by other workgroups and participants at the meetings. The following is a summary of the key issues that the group deliberated upon and addressed.
Professional guidance on appropriate use of QC materials
To provide a landscape of professional guidance on use or inclusion of QC materials in genetic tests, the Professional Guidance Workgroup conducted a review of current U.S. and Tables 3 and 4 . The group felt that existing professional guidelines provide sound guidance for use of QC materials to assure and monitor the quality of clinical genetic tests. However, data are lacking regarding to what extent these guidelines are adhered to, whether barriers exist to implementation of these guidelines, and what the barriers might be. The group recommended that 1) continuing review is appropriate to ensure these guidelines are up to date as technology evolves, and 2) data collection on laboratory QC practices is necessary and helpful for identifying key issues and developing further guidance on use of QC materials in genetic tests.
Regulatory oversight for providers and users of QC materials
To clarify the regulatory environment for providers and users of QC materials for genetic tests, the QC Material Oversight Workgroup reviewed related FDA, CLIA, and State requirements, with an emphasis on regulatory oversight in the U.S.
FDA oversight for nongovernment and commercial providers of QC materials
QC materials, which may be marketed as assayed and unassayed controls, are subject to 21 CFR Part 820 Quality System Regulation. Under this regulation, assayed QC materials need to have manufacturer-assigned analyte values. The target quantitative or qualitative values are for specific system applications and are stated in the product labeling. Unassayed QC materials have no assigned analyte values and no specified system applications; clinical laboratories are responsible for establishing their specific performance parameters. Unassayed QC materials are currently exempt from FDA premarket review. 19 Currently 
Regulatory oversight regarding use of QC materials in genetic tests

Requirements under the Clinical Laboratory Improvement Amendments (CLIA)
CLIA sets forth federal standards for laboratories performing patient testing to ensure the quality of laboratory testing in Figure 1 . Steps and factors involved in the process to provide QC materials for genetic testing. Boxes with a folded corner indicate the areas of need that the QC materials workgroups addressed.
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October 2005 ⅐ Vol. 7 ⅐ No. 8 the U.S. 21 Requirements regarding use of controls or control materials in the testing process are provided as general requirements under section 493.1256 and, when applicable, are specified for testing specialties and subspecialties. For genetic testing, current CLIA regulations contain requirements for a clinical cytogenetics specialty but no specific requirements formolecular or biochemical genetic testing. Therefore, laboratories performing molecular and/or biochemical genetic testing are at present subject to the applicable general CLIA requirements for quality systems and laboratory personnel, and in Provides guidance on use of appropriate positive, negative, and blank controls in amplification procedures. Positive controls should include individuals of known genotype for the locus being tested. Controls for the following types of assays are defined: 1) assays based on presence or absence of PCR products must include known control primers yielding a positive result to check for proper amplification and sizing of the PCR products and to ensure that a negative result is accurate; 2) controls must be included in assays detecting sequence variations; 3) assays in which the result is based on fragment size must include size markers covering the range of expected results during gel electrophoresis; 4) assays based on changing of electrophoretic mobility must include appropriate controls to ensure correct interpretation of results. In addition, recommendations are made on use of controls in denaturing gradient gel electrophoresis, protein truncation tests for mutation detection, single-strand conformation polymorphism assays, heteroduplex assays, microsatellite-based analysis, and denaturing high performance liquid chromatography assays.
Association for Molecular Pathology (AMP) Recommendations are made for quality controls used in Southern blot analysis, nucleic acid amplification assays, and in situ hybridization. A discussion is provided on availability and sources of control materials. 4 The European Molecular Genetics Quality Network (EMQN) Best Practice Guidelines 44 General guidance is provided, including: Normal male and female control samples, molecular weight markers, negative controls and specific mutation controls should always be used in diagnostic tests as appropriate. Laboratories should be aware of the European Commission's directive on the use of In-Vitro Diagnostic Devices (IVD's) and how it will affect them. The exchange of samples between laboratories is not allowed under the directive. Where possible laboratories should use Certified Reference Materials (CRM's) as standards.
UK Clinical Molecular Genetics Society (CMGS) Best Practice Guidelines
Provides guidance on use of positive control in dHPLC analysis.
Recommendations include using a mutation-positive control, if available, and a confirmed normal DNA control for each gene fragment amplified and subsequently screened on the WAVE. When amplifying large numbers of samples for many different gene fragments with a low frequency mutation pickup rate, it is sometimes acceptable to omit a normal control. 45 Quality control materials for genetic testing • Control procedures must monitor the test system over time and detect immediate errors due to test system failure, adverse environmental conditions and operator performance. Control materials, which may be supplied by the test system manufacturer or another source, must be tested in the same manner as patient specimens.
• Laboratories must establish or verify the criteria for acceptability of all control materials. For in-house-developed tests, which include most genetic tests, laboratories must establish the number, type, concentration, and frequency of performance of control materials. Results of control materials must meet the criteria for acceptability before patient test results can be reported.
• At least two control materials are required for each molecular amplification procedure at least once each day patient specimens are assayed. This requirement applies to molecular testing for heritable conditions, cancers, and infectious diseases. In addition, if reaction inhibition is a significant source of false negative results in a molecular amplification procedure, a control material capable of detecting the inhibition needs to be included in the test procedure.
• Other general requirements for control materials are also applicable to genetic testing. For example, at least once each day patient specimens are assayed or examined, a negative and positive control material must be included for each qualitative procedure, and two control materials of different concentrations must be included for each quantitative procedure. For each test system that has an extraction phase, two control materials, including one that is capable of detecting errors in the extraction process, must be included at least once each day of patient testing.
• Control material testing must be rotated over time among all operators performing the patient testing.
• For test systems that do not have control materials available, the laboratory is responsible for developing an alternative mechanism to detect immediate errors and monitor test system performance over time.
State requirements
Some State agencies regulate clinical laboratories through licensure of facilities and/or personnel. For example, New York and Washington are the two exempt States under CLIA that have State-specific clinical laboratory oversight programs. 22, 23 Requirements under the Washington State Medical Test Site Rule, including those regarding the use of controls or control materials in the testing process, are equivalent to CLIA and not specific for genetic testing. 22 The New York State Clinical Laboratory Evaluation Program (CLEP) provides regulatory oversight to laboratories performing testing for New York State residents. 23 For genetic testing, CLEP requirements include specific QC standards, method validation procedures, and personnel qualifications. For each genetic test submitted for CLEP review and approval, laboratories are required to submit procedure manuals that fully describe control materials used for each assay, both for the method validation procedure and for the routine testing process. Similar requirements exist for molecular oncology testing detecting tumor-specific acquired genetic alterations. Table 5 summarizes New York State requirements and guidance for use of control materials in molecular genetic testing, molecular oncology testing, and cytogenetic testing.
Current research efforts to develop QC materials for genetic tests
Current research efforts in QC material development
To facilitate identification of further research needs, the group reviewed a number of current efforts to develop and provide QC materials for genetic tests. These efforts are summarized into three major areas:
1. Development of stably transformed human cell lines with characterized mutations. An example of this approach is the CDC-funded collaborative effort that generated cell lines for use as positive control materials for public health-significant genetic tests. 9 The products of this work are now publicly available in the form of cells and DNA samples through the Coriell Cell Repositories. 10 
Development of synthetic or artificially constructed QC ma-
terials. This approach develops noncell line-based QC materials using a variety of methodologies such as PCR, 15 oligonucleotide synthesis, 16 and recombinant DNA techniques. 24 The "synthetic" or "artificially constructed" materials are often intended for use in panel or multiplex assays, such as mutation analysis for CF and a number of other diseases; 24 -26 and may be developed as reference materials for calibration and validation of testing procedures, such as the NIST SRMs for mitochondrial DNA and FMR1 trinucleotide repeat analysis. 13 
Strengths and weaknesses of reviewed approaches
The major advantage of genomic samples, i.e., samples from residual patient materials and human cell lines, is that these materials resemble patient samples that genetic testing laboratories routinely process; therefore, such materials are presently considered a preferred choice for QC and PT/EQA purposes. However, for multiplex or panel-based testing such as CFTR
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Type of control materials:
Preferably cell lines that have been properly characterized; however, previously validated patient samples are also acceptable, but extensive validation is required each time a new sample is introduced.
Specific recommendations:
• All tests must include controls that can clearly distinguish between positive and negative test results.
• The inclusion of a sensitivity control is recommended. For this control, a small amount of a positive control sample can be mixed with an excess of a negative control sample at appropriate ratios. Where appropriate, both sensitivity and specificity controls should be included in each run.
• For quantitative assays, a high and a low control samples shall be run with each assay.
• The inclusion of a sample processing control each month of use is recommended. If the test is performed less frequently, the processing control should be included whenever the test is performed.
• For PCR assays, contamination controls are required.
Cytogenetics
For spontaneous breakage studies: A normal (negative control) shall be included with each culture event (CG15). For breakage studies on presumed positive specimens: A normal (negative control) and if possible an abnormal control for the condition in question shall be included with each culture event (CG16).
Type of control materials:
Cytogenetic analysis requires using patient specimens as controls in cases when controls are needed.Specific recommendations: For standard karyotyping, no control materials are required since the "normal diploid chromosomes" can serve as internal controls for the "abnormal" numerical or structural observations in the patient's own material. mutation analysis, including genomic control samples for all mutations to be detected may not be always practical or costeffective, since it is unlikely for a patient sample or unmodified human cell line to contain the desired multiple mutations. Genetic engineering holds the ability to introduce the mutations needed into cell lines to create QC materials that mimic real patient samples; however this approach is technically more difficult and requires significant resources. Synthetic control materials have the ability to provide costeffective controls for multiplex or panel-based assays. These controls have the potential to accommodate the rapidly changing technology platforms and are also relatively easy to prepare in large quantities. On the other hand, since synthetic QC materials often do not resemble real patient specimens, they may not be suitable for monitoring certain steps of the testing process and may have limited use in PT/EQA challenges and test validation.
Determining and monitoring genetic tests in urgent need of QC materials
Defining areas of need for QC materials
The group suggested that genetic tests routinely offered in clinical and public health practice should be considered as an initial step in determining tests in the greatest need for appropriate QC materials. It was recognized that while availability of QC materials is in need of improvement for the most common genetic tests, the need for assurance of reliable testing for less common and newly discovered diseases is equally important. In addition, the group discussed the following aspects in defining areas of need for QC materials:
• Intralaboratory testing process: Appropriate QC materials should be available for test validation, for monitoring the multiple steps of the analytic process during each run of patient testing, and for lot-testing of new reagent batches.
• Test development: Appropriate QC materials are needed both by IVD manufacturers for developing commercial test kits and by laboratories for in-house development of genetic tests.
• Performance evaluation: PT/EQA programs need to have access to a sample pool representative of the clinical situations that laboratories may encounter in patient testing, and need to provide both disease-specific and methodology-based challenges.
Prioritizing needs for QC material development
Participants recommended that a priority list be developed for genetic tests in need of appropriate QC materials. From a standpoint of QC material development, the group felt that a few common conditions such as factor V Leiden and prothrombin G20210A thrombophilia, MTHFR thermolabile variant, HFE-associated hereditary hemochomatosis, and sickle cell anemia, in which common mutations account for most or all of the disease-related alleles, would not be among the most urgent needs since sufficient control materials are already publicly available for these tests. The current QC material needs identified by the group include:
• Genomic and synthetic control materials for the ACMGrecommended panel of CFTR mutations for preconception and prenatal carrier screening, as well as less common mutations included by many laboratories in their assays based on clinical relevance and/or significance for specific subpopulations. 7 For genomic QC materials, while the ACMG-recommended mutations are now available from the Coriell Cell Repositories, 8, 10 multiple cell lines would be needed for each mutation to enable test validation on different genetic backgrounds and to ensure the availability of PT samples. Optimized synthetic "supercontrols" containing the ACMG-recommended panel of mutations would also be desirable for a variety of testing platforms.
• QC materials for FMR1 analysis. Additional control and reference materials are needed to supplement the FMR1 triplet repeat SRM developed by NIST, 27 to enable standardized, or more uniform, sizing for the FMR1 CGG repeats for both PCR and Southern blot assays. Controls for determining methylation status of the CGG expansion are also suggested.
• Control materials for the ACOG-recommended preconception carrier screening testing for individuals of Ashkenazi Jewish descent. 28 In light of the upcoming CAP proficiency survey and ACMG technical guidelines, appropriate QC materials would be needed for mutations associated with Tay-Sachs disease, Canavan disease, familial dysautonomia, mucolipidosis IV, Niemann-Pick disease type A, Fanconi anemia group C, Bloom syndrome, and Gaucher disease.
• QC materials for diagnostic testing for population or subpopulation screening, such as DNA-based testing for galactosemia, medium-chain acyl-CoA dehydrogenase deficiency, biotinidase deficiency, and other newborn screening conditions. • QC materials for pharmacogenetic tests, including testing for drug metabolizing enzyme polymorphisms such as CYP2D6, CYP2C9, CYP2C19, and thiopurine S-methyltransferase (TPMT) variants. Control materials need to be developed to represent allele specificity of the CYP loci in various populations and subpopulations.
• Control materials for mutations associated with mitochondrial disorders, such as Kearns-Sayre Syndrome, mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes, Leber hereditary optic neuropathy, and nonsyndromic hearing loss with or without aminoglycoside sensitivity.
• QC materials for standardizing trinucleotide repeat sizing for Huntington disease, spinocerebellar ataxia type 1 and type 7, and myotonic dystrophy type 1.
• Appropriate control materials for sequencing assays should be considered a pressing need, due to the increasing use of this methodology in molecular diagnostics. Se-
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quencing controls would also help with test validation and quality assurance for rare disease testing, since many rare genetic diseases involve private mutations for which sequencing is the preferred detection methodology.
Refining and continuously monitoring the priorities
The group recommended that QC challenges and needs for appropriate QC materials be continuously monitored as the field of genetic testing and molecular diagnostics evolves. For example, as microarray-based genomic screening assays are now being commercially developed, problems with control materials are likely to arise when these tests become available for the clinical market. To effectively monitor the needs of the community, periodical surveys could be conducted among users of QC materials, including testing laboratories, test developers, and IVD manufacturers, in collaborations with professional organizations and PT/EQA programs. The group suggested that the following parameters be collectively monitored for ongoing needs assessment, the demand of the tests in clinical and public health practice; recommendations of professional societies regarding test utilization; the need for testing standardization; and QC material needs captured by materials repositories. In addition to DNA-based human genetic testing, upon which the group focused as the initial step of needs consideration, biochemical genetic testing and related areas of molecular diagnostics, such as molecular hematology and oncology testing, were suggested as areas that should be monitored and assessed for needs of QC materials.
Establish a process to facilitate QC material contribution and access
The group considered it critical to establish a process that will facilitate submission of materials to central repositories for public availability after proper validation. Since such a process will entail participation of material contributors, cell banks, and repositories, a workgroup discussion was held to address and coordinate both perspectives. Key factors identified for this process include:
Utilizing available resources of existing cell banks and repositories
This would be a practical approach at present to make needed QC materials broadly available to the community. Ideally, cell repositories should be enriched with generally accepted and/or recommended QC materials, such as cell lines containing mutations or polymorphisms of interest, that have been sufficiently characterized for each test. Cell banks and repositories should work with contributors to overcome logistical issues associated with the submission process and should provide submission kits for sample packaging and shipping.
Logistical issues related to QC material contribution and distribution
Institutional Review Board (IRB) review, human subjects research, informed consent, and privacy issues were specifically considered during the group deliberation as they were identified as the major logistical concerns associated with the material contribution process.
In particular, the following issues were discussed:
• Could the process of material submission and distribution be restricted to QC uses for clinical genetic testing only? If so, is IRB review necessary? • If sample submission to cell repositories warrants IRB review, should it be considered an activity not involving human subjects or exempt from the human subject protection regulations under 45 CFR Part 46, such as the informed consent requirements? • How should guidance be developed to help clinical laboratories and investigators to address their logistical concerns?
It was suggested that, considering the broad uses of QC materials in control procedures, test validation, quality assurance, external quality assessment, and test development, it might be difficult to exclude research elements from some of these activities. For example, using residual patient specimens in control procedures for patient testing or QA practices would generally be considered a nonresearch activity; however, in some cases, development of new tests using residual patient specimens could meet the definition of research and necessitate IRB review. 29 There are also practical reasons that cell repositories would not or could not restrict the materials they provide for nonresearch uses only. Such restrictions would be difficult to enforce; in addition, since activities including establishment, expansion, and distribution of stably transformed cell lines are currently undertaken by major repositories, such as the Coriell Cell Repositories with funding support from NIGMS and other research grants, it is required that the materials developed be made available to the research community. Therefore, at least at present, limiting material contribution and distribution to nonresearch QC purposes may not be practical or feasible. The group also felt that guidance should be obtained from the Office of Human Research Protections (OHRP) on this issue, to provide clarifications on QC activities that should not be considered research.
The group then discussed whether the process of enriching cell repositories with publicly available QC materials for genetic testing should be considered an activity not involving human subjects, and thereby the human subject protection requirements under 45 CFR Part 46 would not apply. 29 While OHRP considers submission of nonidentifiable human materials collected for purposes other than submission to tissue/cell repositories not involving human subjects, it recommends that the determination on human subject's involvement be made by institutions or IRBs, but not by the investigators. 30, 31 OHRP also acknowledges that some States or institutions may require IRB or administrative review of all research activities involving human materials, even where "human subjects" are not involved. 31 Based on these considerations, it would be advisable that material contributors consult with their institutions or IRBs regarding specific policies in place and measures to take.
In light of the complexity of these issues, the group felt strongly that guidance should be developed to help potential material contributors to address their logistical concerns and to assure compliance with federal, State, and local requirements. In particular, model protocols should be developed for typical material contribution approaches. For situations requiring IRB review, guidance should be provided regarding appropriate level of review and applicable exemptions from the 45 CFR 46 regulations, such as the exemption under 45 CFR 46.101(b) (4) for collection or study of only existing data, documents, or pathologic or diagnostic specimens. 29 If the exemption is approved following IRB review, a material contributor would be able to submit samples or materials to cell repositories without re-contacting patients to obtain individual informed consent. 29 These protocols should also consider information to be submitted on normal and abnormal specimens and provide guidance on measures needed for privacy protection, in order to maximize material utility without violating patient rights.
Develop protocols to facilitate clinical laboratories and investigators to contribute materials with mutations of interest
The group discussed a three-pronged strategy of material contribution and the advantages and disadvantages of each approach. It was agreed that defined protocols should be developed for each approach and provided to potential contributors to facilitate the material contribution process.
Specific issues associated with each approach included:
Submission of residual patient specimens to cell repositories.
After reviewing the success of the CDC-funded collaborative project to establish positive control cell lines from anonymous residual specimens, 9 the group recommended that this experience, including the sample submission timeframe, the submission process, and the IRB protocol, be shared with the genetics community as a model process. Submission of existing cell lines to cell repositories. Utilization of existing immortalized cell lines for QC materials may be the simplest approach scientifically. Logistical issues associated with submission to cell repositories would depend upon the initial study design in the research setting and/or the consent agreement in the clinical laboratory; therefore, a review of the existing informed consent terms is needed to determine whether additional consent or IRB approval is warranted. If so, the informed consent agreement, such as an unsigned copy of the consent form, should be provided to the cell repository in submitting each cell line. Submission of materials through targeted collection or re-collection. As discussed in the section above, informed consent would need to be obtained for research purposes to enable sample submission through this approach. The consent form could be developed with checkbox options, with one option for QC purpose only and another for both research and QC purposes. Patient contact or recontact would be required for sample submission through this approach, providing an opportunity for discussion about uses of the requested samples. The experience of the Coriell Cell Repositories in establishing its cell collections can be utilized as one model for this approach.
Incentive program
The group recommended that an incentive program be developed to encourage and stimulate contribution of QC materials for public availability. Based on a survey conducted by the Coriell Cell Repositories at the 2004 European Society of Human Genetics annual meeting, 72% of respondents considered public access to materials as a fair and reasonable incentive, 22% would be encouraged by a certificate of appreciation, and 17% considered payment an incentive. 32 Participants suggested exploring these approaches further as well as additional incentives, which could include 1) nonmonetary reward from cell banks or repositories, such as a complimentary QC sample for each submitted material; 2) recuperation of laboratory and patient costs, such as phlebotomy and transportation costs incurred by the patient, through a funding mechanism yet to be developed; and 3) peer recognition through publications and professional societies.
Engaging the community in material contribution process
The group recommended that web-based resources be developed by CDC to provide information to the genetics community to facilitate material contribution. Another effective means discussed was distributing a letter among members of professional organizations to enlist participation in material contribution. It was agreed that the letter should be distributed together with the submission protocols and other necessary information, such as guidance on informed consent, to help contributors accomplish the task. Workshops and satellite meetings at major professional meetings were suggested as additional mechanisms for information dissemination.
Define validation processes for QC materials
The group agreed upon the overall principle that both commercially available and laboratory-developed QC materials should be appropriately validated before being used in control and/or calibration procedures for patient testing. Current professional guidelines and regulatory oversight are convergent in that QC materials for patient testing should be adequately validated, but no specific guidance for validating or verifying QC materials for genetic tests are available. In addressing the need to develop recommendations for practical, reliable processes for QC material validation, a two-step approach was adopted by considering QC materials for heritable or germline mutation testing as the initial step, and those needed for the more complex somatic mutation testing and quantitative assays as the next step. For this report, recommendations are primarily directed toward the principle and methods of validation and establishment of traceability for control and reference materials used for DNA-based heritable mutation testing.
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"Gold standard" for DNA sequence verification
The current "gold standard" for determination and verification of DNA sequences is fluorescent DNA sequencing. For mutations or polymorphisms present in either heterozygous or homozygous state, this method should be adequate and preferred for verifying the presence or absence of sequence variants. At present, however, the technology is size-limited for the quantification of trinucleotide repeats; DNA sequences involving large repeat sizes, such as high premutations or full mutations of the FMR1 gene, may require an alternative verification method.
The group considered the ACMG recommendations for standards for interpretation of sequence variants 33 applicable to verification of sequence variants in QC materials as well. For example, the recommendations that reports of sequencing analysis should "clearly identify the gene(s) analyzed, indicate the presence of a sequence variation, and, if applicable, indicate the location of the sequence variation by nucleotide position, codons affected, and amino acid change(s)" and "include the fraction of exon sequence and intron-exon boundary sequence analyzed," 31 should be adopted as criteria for verifying or confirming sequence variants in control or reference materials, with further guidance on criteria for acceptance or rejection of DNA sequence information. Although not widely applied, such acceptance criteria are available for assessing sequence quality and accuracy. 34 
Traceability for molecular QC materials
Addressed directly or indirectly in FDA regulations and the International Organization for Standardization (ISO) guidelines, establishment of traceability of QC materials is important because the accuracy of laboratory test results depends highly on the traceability of materials used to calibrate, verify and control these tests to primary standards and methods. 20, 35 Establishment of traceability of reference materials has been carried out by NIST, by European quality standards organizations, and within the medical diagnostic community.
In discussing traceability, the group adopted the concept of "primary reference measurement procedure," defined as "a reference measurement procedure having the highest metrological qualities, whose operation can be completely described and understood, for which a complete uncertainty statement can be written down in terms of SI units, and where results are, therefore, accepted without reference to a measurement standard of the quantity being measured." 35 It was agreed that the goal of traceability in molecular reference materials is to define, with a specified minimum uncertainty, the nucleic acid sequence and other characteristics within the intended use of the material. Traceability of a nucleic acid sequence is established when a value of certainty of the sequence is assigned based on results of testing with a primary reference method.
Recognizing that the ability to establish traceability depends on the material under consideration, the group made the following recommendations for QC materials commonly used in genetic testing: Since amplification reactions carry a probability that base incorporation errors occur in an early cycle thereby generating a substantial quantity of unexpected final product, traceability should be established by retesting each batch of amplified product.
Validation process for genetic testing QC materials
It would be desirable for publicly available QC materials to meet applicable US and international standards to facilitate their international acceptance. Based on agreement that validation methods should allow portability and commutability of the QC materials, the group recommended that two levels of validation should be performed. At the first level, reference testing should be conducted by two methods, if possible, to confirm the utility of the material for these methods. Then further validation should be conducted through interlaboratory evaluation, using current test methods and technology platforms. Professional organizations such as ACMG and AMP, PT/EQA programs such as CAP and EMQN, and genetic information resources such as GeneTests and Eurogentest, were suggested as mechanisms for recruiting laboratories to participate in efforts to validate QC materials for genetic testing.
Develop better coordination of funding sources and opportunities
The group strongly advocated that, in addition to the current efforts supported by CDC, NIH, NIST, industry, and others, continuing funding and resources are needed to support additional projects to develop and provide the QC materials that have been identified as high priorities. Efforts should be made to coordinate activities of federal agencies and help determine the level of funding needed to sustain the process for QC materials development. The NIST certificate program was suggested as a mechanism for provision of quality QC materials. Furthermore, mechanisms should be explored to establish public/ private partnerships, to engage broader participation of the IVD industry and QC material manufacturers in the process.
CONCLUSIONS
Improving availability of appropriate QC materials is of critical importance for promoting and assuring the quality of genetic testing, developing performance evaluation and PT/EQA programs, and facilitating new test development. Programmatic needs, as identified in this report, should provide directions in which further efforts are called upon. Furthermore, there is a great need for a structured organization to coordinate activities of stakeholders and identify funding venues.
Need for coordination in national and international scope
To meet the needs of the rapidly expanding capacity of genetic testing in clinical and public health settings, a national or international QC material coordination program should be established to 1) monitor community needs on a continuing basis, 2) improve information exchange among users and providers of control and reference materials, and 3) facilitate material development, submission, collection, validation, and distribution. It was suggested that an expert panel be retained to serve as a resource to the coordination program. Based on these recommendations, a Genetic Testing QC Materials Program has been established by CDC in March 2005, to coordinate a self-sustaining community process to improve the availability of appropriate and verified materials to serve these needs. 36 
Information Dissemination
Information dissemination is critical for engaging the broader community and ensuring funding resources and support. It is important to fully utilize existing information venues, including 1) web-based resources, 2) targeted mailings to potential contributors, users, developers, and providers of QC materials, 3) emails to solicit participation in material contribution and verification, 4) flyers and newsletters, 5) workshops, exhibits, presentations, and posters at professional meetings, and 6) additional QC materials conferences, to ensure a sustained community process. Furthermore, an interactive website should be available to facilitate information exchange and communication among users, providers, contributors, and developers of QC materials. This website should provide information on material availability and verification information, inform the community of materials needed, increase awareness about material contribution processes, provide helpful references and published protocols regarding QC materials development, contribution, and verification, and serve as a mechanism for communication and discussion. As part of the Genetic Testing QC Materials Program, this interactive website has been established by CDC to serve these purposes. 36 icaid Services, Baltimore, Maryland; 24 ARUP Laboratories, Salt Lake City, Utah; 
